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Far-field polarization spectroscopy on chains of Au nanoparticles reveals the existence of longitudinal ~L!
and transverse ~T! plasmon-polariton modes. The experimental results provide support for the validity of a
recently published dipole model for electromagnetic energy transfer below the diffraction limit along chains of
closely spaced metal nanoparticles. The key parameters that govern the energy transport are determined for
various interparticle spacings using measurements of the resonance frequencies of L and T modes, yielding a
bandwidth of 1.431014 rad/s and a maximum group velocity of vg54.03106 m/s for a 75 nm-spacing.
DOI: 10.1103/PhysRevB.65.193408 PACS number~s!: 78.67.Bf, 42.70.Qs, 42.82.Et, 71.45.GmIn recent years, the interaction of light with metal nano-
particles has been the focus of intensive research.1,2 From
work on single noble-metal nanoparticles, it is well estab-
lished that light at the surface plasmon resonance frequency
interacts strongly with metal particles and excites a collec-
tive electron motion, or plasmon.3 These resonance frequen-
cies are typically in the visible or infrared part of the
spectrum.1 For particles with a diameter much smaller than
the wavelength l of the exciting light, plasmon excitations
produce an oscillating dipole field.
Whereas until recently most work focused on large num-
bers of particles in disordered arrays, advances in particle
synthesis and fabrication techniques allow for studies of or-
dered arrays of noble-metal particles. Since each excited
metal nanoparticle with a diameter much smaller than the
wavelength of the exciting light acts as an electric dipole,
two types of electromagnetic interactions between particles
can be distinguished: near-field coupling and far-field dipolar
interaction. For particle spacings d larger than the wave-
length of light, far-field dipolar interactions with a d21 de-
pendence dominate. Indeed, using broad beam illumination
of regular two-dimensional gratings of Au nanoparticles with
grating constants of several 100 nm, it was shown that the
far-field dipolar interactions lead to changes in the position
and the width of the dipole resonance.4–6 Most work has
focused on these far-field interactions between metal nano-
particles and their possible applications for the fabrication of
optoelectronic materials, but relatively little is known about
the nature and properties of near-field interactions of closely
spaced metal nanoparticles. However, recently it was sug-
gested that chains of closely spaced noble-metal nanopar-
ticles could be used as linear waveguides for electromagnetic
energy below the diffraction limit.7 Analysis of Au nanopar-
ticle chains using near-field optical microscopy has indeed
shown signs of collective behavior of such chains.8 It has
also been shown that straight solid noble-metal nanowires
can allow for electromagnetic energy transport over mi-
crometer distances.9
In a number of recent publications, we presented experi-
ments on macroscopic microwave analog systems10,11 and
theoretical models for metal nanoparticle chain
waveguides.12,13 The results suggest that chains of closely
spaced (d!l) noble-metal nanoparticles could indeed be0163-1829/2002/65~19!/193408~4!/$20.00 65 1934used to guide electromagnetic ~EM! energy below the dif-
fraction limit via coupled plasmon modes.12,13 Furthermore,
we determined the dispersion relation of the guided modes in
these plasmon waveguides using a point-dipole model, and
obtained group velocities for the energy transport on the or-
der of 0.1c in air, suggesting that information transport is
possible. We also showed that EM energy can be guided
around sharp corners and tee structures, and an all-optical
switch based on interference operating below the diffraction
limit was proposed.12
In this paper, we report on the fabrication of plasmon
waveguides consisting of closely spaced Au nanoparticles
made by electron-beam lithography and analyze their optical
properties using far-field polarization spectroscopy. These
measurements of the collective excitation mode of plasmon
waveguides, together with our point-dipole model,12 fully
determine the dispersion relation describing the propagation
of all possible modes supported by the waveguide. Our re-
sults for the key parameters that govern the energy transport
are in good agreement with our previous modeling.12,13
We fabricated plasmon waveguides by electron-beam li-
thography consisting of 80 closely spaced Au nanoparticles
with a diameter of 50 nm and center-to-center spacings of
75, 100, and 125 nm respectively. Electron-beam lithography
provides excellent size and distance control of the nanopar-
ticles constituting the waveguides. In order to minimize
charging effects during fabrication, the structures were fab-
ricated on a quartz glass slide covered with a thin indium-
tin-oxide layer. The layer thickness was chosen to be less
than 10 nm to suppress the guiding of EM energy at the
frequencies of interest.6 In order to allow for characterization
with a high signal-to-noise ratio of these plasmon
waveguides using far-field spectroscopy, we fabricated large
area arrays in a 1003100-mm2 grid with a grating constant
of 1.0 mm. Crosstalk between adjacent structures is expected
to have a negligible effect on the dispersion relation since it
takes place via far-field scattering of the individual nanopar-
ticles with a distance dependence of d21, whereas near-field
interactions of adjacent particles in each waveguide show a
d23 dependence and dominate at small distances.12 More-
over, the grating constant of 1.0 mm does not coincide with a
grating order transition of increased far-field scattering,14©2002 The American Physical Society08-1
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Thus results from far-field spectroscopy on these arrays re-
flect the properties of individual plasmon waveguides. Our
experimental setup consisted of a white halogen light source
and a computer-operated microspectrometer attached to an
inverted optical microscope, which allowed for an easy lo-
calization of the plasmon waveguide structures.
Figure 1 shows a scanning electron micrograph of several
plasmon waveguides resolving individual particles. The im-
age was taken at normal incidence of the electron beam and
confirmed a diameter of 50 nm (R525 nm) and a center-to-
center spacing d of 75 nm (3R) of adjacent particles. Also,
the grating constant of 1 mm between neighboring structures
was confirmed. Using atomic force microscopy, the height of
the nanoparticles was determined to be 50 nm. The inset of
Fig. 1 shows a scanning electron micrograph of individual
nanoparticles of the waveguide where the sample stage was
tilted by 70° in order to allow for a determination of the
shape and aspect ratio of individual particles. We attribute
the almost spherical shape of individual particles to room-
temperature annealing processes after the metallization and
liftoff. The in-plane symmetry of the particles was confirmed
by polarization spectroscopy on a regular grating of indi-
vidual particles with a grating constant of 250 nm, showing
only a small inherent single particle optical anisotropy ~peak
shift 231013 rad/s between longitudinal and the transverse
modes!.
Figure 2 shows a far-field extinction spectrum of plasmon
waveguides with a 75-nm interparticle distance taken at nor-
mal incidence illumination with a spotsize of 100-mm diam-
eter for a polarization either in the direction of the waveguide
axis ~longitudinal polarization L! or perpendicular to it
~transverse polarization T!. Also shown is the extinction
spectrum for illumination with unpolarized light ~U!. The
extinction spectra show a dipolar plasmon peak for longitu-
dinal and transverse illumination at angular frequencies of
vLO53.1231015 rad/s and vTO53.2231015 rad/s, respec-
tively, corresponding to wavelengths of maximal extinction
FIG. 1. Scanning electron micrograph of plasmon waveguides
consisting of Au nanoparticles taken at a normal incidence of the
electron beam. The inset shows a micrograph where the sample
stage was tilted by 70° to visualize the almost spherical shape of the
nanoparticles.19340of 604 and 585 nm. The extinction peak for unpolarized light
lies between those two frequencies. The position of the di-
pole plasmon resonance is influenced both by the substrate
and interparticle interactions,1 and this accounts for a shift of
the resonance compared to single Au nanoparticles in air,
which lies at 3.9231015 rad/s.1 However, the polarization
dependence of the peak positions indicates that near-field
optical interactions are present between the nanoparticles
constituting the waveguide, which is consistent with theoret-
ical work on electromagnetic interactions between closely
spaced aggregates and chains of metal nanoparticles.15,16
The polarization dependence of the plasmon resonance of
the plasmon waveguides can be understood from a model
that treats the Au nanoparticles as point dipoles.12,13 The in-
set of Fig. 3 shows the dispersion relation ~frequency v ver-
FIG. 2. Far-field extinction spectrum of plasmon waveguides for
both the longitudinal ~thick line L! and the transverse ~thin line T!
mode of collective excitation. The peak positions for the L and T
modes ~marked with straight dashed lines! are located at different
frequencies due to optical near-field interactions. Also shown is the
extinction spectrum for unpolarized light ~dotted line U!.
FIG. 3. Dependence of the plasmon peak position on the inter-
particle spacing d for both the longitudinal and transverse excitation
of the collective mode. The dotted line shows the 1/d3 dependence
predicted by a point dipole interaction model. The inset shows the
dispersion relation of plasmon waveguides calculated using this
point dipole model ~Ref. 12!.8-2
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consisting of an infinite linear array of point dipoles spaced a
distance d!l apart, the calculation of which is outlined in
Ref. 12. The solid lines show the dispersion relation assum-
ing nearest-neighbor coupling only, and the dotted lines take
interactions between five nearest neighbors into account. The
group velocity of the energy transport is given by the slope
of the dispersion relation and has a maximum at a resonance
frequency v0 of the waveguide. In Ref. 12 it was shown that
v0 corresponds to the surface plasmon resonance frequency
of a single particle, and that particle chains can be excited
most efficiently at this frequency using local excitation of
single particles. In our experimental configuration all par-
ticles are excited in phase, corresponding to k50. In this
case the group velocity is zero for both the longitudinal and
transverse branches, and no transport of energy takes place.
These collective modes occur at frequencies vLO for longi-
tudinal polarization and at vTO for transverse polarization.
Both are shifted with respect to the frequency v0 : The lon-
gitudinal mode is shifted to lower frequencies, and the trans-
verse mode is shifted to higher frequencies, as seen in Fig. 2.
The ratio of the respective shifts is predicted to be 2:1.12 The
extinction maxima in the far-field extinction spectra shown
in Fig. 2 directly yield values for vLO and vTO .
We fabricated plasmon waveguides with interparticle
spacings of 75 nm (3R), 100 nm (4R), and 125 nm (5R) to
study the influence of the interaction strength on the fre-
quency difference Dv5vTO2vLO . Polarization spectros-
copy experiments as outlined above gave respective values
vLO and vTO for these interparticle spacings. A plot of the
position of vLO and vTO versus the interparticle spacing is
shown in Fig. 3. As can be seen, the frequency difference Dv
of the k50 modes is strongly dependent on the interparticle
spacing, and drops below our experimental accuracy for an
interparticle distance of 5R ~the extinction peaks practically
coincide @vLO5vTO5v0# . The value of v0 is deduced from
the point of convergence of the extinction peaks. A fit of both
curves for the longitudinal and transverse modes shows a
d23 dependence of the position of the extinction peaks,
which is consistent with the coupled dipole model for plas-
mon waveguides.12 Also, the peak shifts of the longitudinal
collective modes with respect to v0 are larger than the shifts
of the transverse collective modes as predicted by our dipole
theory. For plasmon waveguides with individual nanopar-
ticles spaced 75 nm apart, the ratio of the peak shifts is 2.3:1,
close to the predicted value of 2:1. The difference is attrib-
uted to the small inherent optical anisotropy of individual
particles outlined above. The strong dependence of the peak19340shifts on the interparticle spacing and the consistency with
the dipole model of plasmon waveguides shows that the ob-
served effects are indeed the result of near-field interactions
between nanoparticles in plasmon waveguides. The good
agreement of the experimentally probed k50 points of the
dispersion relation with predictions from the dipole model
suggests that the model is indeed valid and that plasmon
waveguides should allow for energy transport of electromag-
netic energy when a locally excited in a mode with a finite
wavevector k.12
To determine the maximum group velocity of information
transport in plasmon waveguides, the full dispersion relation
for nonzero wave vectors k has to be known. This can be
determined using the point-dipole model12 and the experi-
mentally obtained frequencies vLO and vTO . We calculated
the most efficient resonance frequency for transport to be
v053.1931015 rad/s and a corresponding maximum group
velocity vg54.03106 m/s for the longitudinal mode for
plasmon waveguides with an interparticle distance of 75 nm.
The bandwidth for this mode which puts an upper limit to the
rate of information transfer that can be achieved was calcu-
lated to be 1.431014 rad/s. This is in good agreement with
dipole-model calculations as outlined in Ref. 12.
In conclusion, we have determined the presence of
coupled modes in plasmon waveguides consisting of metal
nanoparticle chain arrays. We have shown that far-field spec-
troscopy can be used to probe the bandwidth of the disper-
sion relation, and thus forms an important tool to character-
ize the guiding properties of plasmon waveguides. By
exciting collective modes around k50, we found an extinc-
tion peak splitting Dv of approximately 1.031014 rad/s be-
tween longitudinal and transverse excitations of plasmon
waveguides consisting of Au nanoparticles spaced 75 nm
apart. The resonance frequency corresponding to the maxi-
mum group velocity was calculated to be v053.19
31015 rad/s. Local excitation of plasmon waveguides at this
frequency should allow for an optical information transfer
below the diffraction limit with group velocities of about
vg54.03106 m/s. Plasmon waveguides represent a means
of electromagnetic energy localization and transport at spa-
tial dimensions that are a fraction of the free-space wave-
length and may enable fabrication of integrated nanoscale
optical components.
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